Well-resolved streamwise velocity spectra are reported for smooth-and rough-wall turbulent pipe flow over a large range of Reynolds numbers. The turbulence structure far from the wall is seen to be unaffected by the roughness, in accordance with Townsend's Reynolds number similarity hypothesis. Moreover, the energy spectra within the turbulent wall region follow the classical inner and outer scaling behaviour. While an overlap region between the two scalings and the associated k x behaviour is obfuscated at higher Reynolds numbers due to the evolving energy content of the large scales (the very-large-scale motions, or VLSMs). We apply a semi-empirical correction (delÁlamo & Jiménez, J. Fluid Mech., vol. 640, 2009, pp. 5-26) to the experimental data to estimate how Taylor's frozen field hypothesis distorts the pseudo-spatial spectra inferred from time-resolved measurements. While the correction tends to suppress the long wavelength peak in the logarithmic layer spectrum, the peak nonetheless appears to be a robust feature of pipe flow at high Reynolds number. The inertial subrange develops around R + > 2000 where the characteristic k −5/3 x region is evident, which, for high Reynolds numbers, persists in the wake and logarithmic regions. In the logarithmic region, the streamwise wavelength of the VLSM peak scales with distance from the wall, which is in contrast to boundary layers, where the superstructures have been shown to scale with boundary layer thickness throughout the entire shear layer. Moreover, the similarity in the streamwise wavelength scaling of the large-and very-large-scale motions supports the notion that the two are physically interdependent.
Introduction
The nature of wall-bounded turbulence in the asymptotic limit of infinite Reynolds number remains an important question, specifically because its understanding is critical to predicting many engineering and environmental flows. A particular question is the behaviour of the turbulence spectrum at high Reynolds numbers. For canonical wallbounded turbulent flows (pipes, channels and boundary layers), scaling laws can be † Email address for correspondence: rosenber@princeton.edu Turbulence spectra in pipe flow at extreme Reynolds numbers 47 derived for the energy spectrum in the turbulent wall region by using dimensional analysis in conjunction with overlap arguments. The turbulent wall region, also referred to as the logarithmic region, is the region where ν/u τ y R, where u τ = √ (τ w /ρ) is the friction velocity, τ w is the wall shear stress, ρ and ν are the density and kinematic viscosity of the fluid, and R is the characteristic length scale for the shear layer, that is, the radius of the pipe, the half-width of the channel, or the boundary layer thickness. In this region, the turbulence spectrum is classically divided into a low wavenumber range where motions scale with R, an intermediate wavenumber range where motions scale with wall-normal distance y, and a high wavenumber range where motions scale with the Kolmogorov length η (Perry, Henbest & Chong 1986) . Consider the streamwise velocity fluctuations, u, taken to be with respect to the local mean velocity U. At a sufficiently high Reynolds number, an overlap of the R-scaled and y-scaled regions is expected to form where 2) referred to as the k −1 x law (Perry et al. 1986 ). Here, k x is the streamwise wavenumber, which is related to a streamwise wavelength λ x by k x = 2π/λ x , φ uu is the power spectral density of the streamwise velocity fluctuations, and A 1 is a universal constant.
In the overlap of the y-scaled and η-scaled regions, energy is transferred by inertial mechanisms, and so φ uu is a function only of k x and the rate of energy transfer given by the dissipation rate . If it is further assumed that in the turbulent wall region the local dissipation rate is equal to the local production rate P (that is = P = u law or the inertial subrange (Perry et al. 1986 ). Here, K 0 is the Kolmogorov constant (≈0.5), and κ is the von Kármán constant.
By integrating this theoretical spectrum over all wavenumbers, Perry et al. (1986) derived a logarithmic variation in the streamwise Reynolds stress, u 2 , given by 4) where the overbar denotes a temporal or spatial average at a particular wall distance, B 1 is a constant that is characteristic of the macroscopic flow geometry and V(y + ) is a Reynolds-number-dependent viscous correction term that decreases with y + , where y + = yu τ /ν. The term V(y + ) accounts for the energy contained in the dissipation region of the spectrum at finite Reynolds numbers. The logarithmic term comes from the integration of the k −1 x region from k x = a/R to k x = b/y, where a and b are universal constants. While the k −5/3 x dependence has been widely observed in experiments, the k −1 x dependence has only been observed at high Reynolds number over a limited spatial extent in the laboratory (Nickels et al. 2005) , although it is commonly observed in the atmospheric surface layer (see, for example, region is an important question because it plays a significant role in many turbulence models, particularly Townsend's attachededdy framework (Townsend 1976; Perry & Chong 1982; Perry & Li 1990; Marusic, Uddin & Perry 1997; Marusic & Kunkel 2003) .
The nature of the turbulence spectrum has also revealed the importance of coherent motions with streamwise length scales much longer than the characteristic shear layer thickness. Kim & Adrian (1999) first inferred their presence by observing a peak in the streamwise velocity spectrum at very long wavelengths. These long, meandering features consist of narrow regions of low streamwise momentum fluid, flanked by regions of higher momentum fluid, and have been shown to contain more than 50 % of the total turbulent kinetic energy (Kim & Adrian 1999; Guala, Hommena & Adrian 2006) . They also become increasingly energetic at higher Reynolds number (Balakumar & Adrian 2007) , and so understanding their behaviour is critical to predicting high Reynolds number flows. In addition, it has been suggested recently that the pipe, channel and boundary layer flows may behave quite differently with regard to these very-large-scale motions (VLSMs) Smits, McKeon & Marusic 2011a ). Pipe and channel flow measurements have revealed VLSMs of typical length 20R (Monty et al. 2007) , while boundary layer measurements have shown superstructures (as they are called in boundary layers) of typical length 6δ . Whereas the VLSMs persist well into the outer layer of pipe flow , the superstructures in boundary layers appear to be confined to the logarithmic region ). Furthermore, boundary layer experiments ) and direct numerical simulation of channel flows (deĺ Alamo & Jiménez 2003) reveal a footprint of these outer-scaled structures within the inner-scaled near-wall region, and their interaction may be described in terms of an amplitude modulation of the small scales (Marusic, Mathis & Hutchins 2010) . Recent pipe-flow experiments by and Hultmark et al. (2012) , however, show that the near-wall peak in streamwise turbulence intensity is independent of Reynolds number, or only very weakly dependent on it, suggesting that in pipe flows this particular outer-inner layer interaction may not be as strong, or absent altogether.
To examine the scaling laws for the streamwise spectrum and elucidate the nature of the VLSMs over a very large Reynolds number range and in different roughness regimes, experiments were conducted in fully developed pipe flow. The measurements at high Reynolds numbers were made possible by using a new nanoscale anemometer probe developed by and later improved upon by Vallikivi et al. (2011) .
Experiments
Measurements were performed in the Princeton/ONR Superpipe, which uses compressed air to achieve a large range of Reynolds numbers (Zagarola 1996; Zagarola & Smits 1998) . The smooth pipe, originally used by Zagarola & Smits (1998) , has an average inner radius of R = 64.68 mm and is hydraulically smooth for all Reynolds numbers reported here. The rough pipe, originally used by Langelandsvik, Kunkel & Smits (2007) , is a commercial steel pipe with an average inner radius of R = 64.92 mm and a surface roughness of k rms = 5 µm.
Streamwise velocity fluctuations were acquired at 48 wall-normal positions for each test case. In the smooth pipe, measurements were taken for a Reynolds number, Two of the main obstacles in acquiring accurate high Reynolds number hot-wire data in the laboratory are poor spatial and temporal resolution (see for example Ligrani & Bradshaw 1987; Hutchins et al. 2009; Smits et al. 2011b ). Here we have used a novel nanoscale thermal anemometry probe (NSTAP), with a sensing element measuring 60 µm long by 2 µm wide by 100 nm thick in lieu of a conventional hot wire to reduce spatial and temporal filtering of energy contained in small-scale motions. For the highest two Reynolds number cases in the smooth pipe, a 30 µm long sensing element was used to further reduce filtering effects. The design, fabrication, and validation of the NSTAP are described by and Vallikivi et al. (2011) . The non-dimensional sensor length + = u τ /ν was between 1.8 and 92.9 for the different Reynolds numbers. For most of the cases under consideration here, the + of this probe was small enough that spatial filtering effects are confined to the high-wavenumber dissipation region. However, for the highest Reynolds numbers, + was large enough to cause some filtering of more energetic low wavenumber eddies close to the wall, but we expect the severity of this effect to be inversely proportional to the inner-scaled wall distance (Smits et al. 2011b) , so that this effect is negligible for most of the analysis in this study. The measurement point closest to the wall was 14 ± 4 µm for the smooth pipe cases with a 60 µm NSTAP, 28 ± 4 µm for the smooth pipe cases with a 30 µm NSTAP, and 28 ± 4 µm for the rough pipe cases. The resolution of the traverse was ±0.5 µm, with an accuracy of 3 µm m −1
. The frequency response for the NSTAP in still air was always greater than 150 kHz, as inferred from the standard square wave test, increasing to more than 300 kHz at the highest Reynolds number. The data were sampled at 300 kHz and filtered at 150 kHz using an analogue 8-pole Butterworth filter. Further experimental details can be found in Hultmark et al. (2013) . 
Results and discussion
We are particularly interested in the behaviour of the spatial spectrum of streamwise energy. In order to convert the measured frequency spectra into the spatial domain, Taylor's frozen field hypothesis (Taylor 1938 ) was used with the local mean velocity U l as the convection velocity. Herein, the subscript T will be used to denote quantities that have been inferred from Taylor's hypothesis, for example, the streamwise Taylor wavelength λ xT = 2πU l /ω, where ω is the temporal angular frequency. Implications of Taylor's hypothesis are examined in § 3.3.
Effects of roughness
The influence of wall roughness on the structure of the turbulence is shown in figure 1. According to Townsend's Reynolds number similarity hypothesis (Townsend 1976) , the only effect of the roughness on the outer layer of the flow is to change the wall shear stress, that is, u τ . Therefore, if we non-dimensionalize the energy spectra by u τ , the outer layer structure should be independent of the roughness itself. Figure 1 
(3.1) Figure 1 (e-h) compares a smooth pipe flow at R + = 98 190 and a fully rough pipe flow at R + = 100 530. For both Reynolds numbers, the streamwise turbulence intensities match quite well beyond the location of the outer peak, which is in accordance with Townsend's hypothesis, and the earlier observations of Allen et al. (2007) and in the same facility. Nearer to the wall, however, the profiles deviate slightly, with the smooth pipe profile consistently above that of the rough pipe. To examine structural differences introduced by the roughness, we next look at the energy spectrum, shown in the following two subplots for the smooth and rough pipe, respectively. While the energy spectra have a very similar shape and structure between the smooth and rough cases, their subtle differences are highlighted in the bottom subplot, which represents the difference between the two spectral maps. This profile, upon integration over all wavelengths, is equal to the difference between the smooth and rough intensity profiles. We see that for wall distances beyond the outer peak, the small differences between the smooth and rough variance profiles are attributed to a broad band of wavelengths. This is probably due to systematic uncertainty in the measurements rather than motions generated by wall roughness. Structural differences between the two pipes closer to the wall likewise appear to be broadband in nature. However, further detailed analysis should be limited because these data are affected by spatial filtering, which may be of different magnitude for the smooth and rough pipes. Due to the spectral similarities between the two pipes, all following discussions are confined to the smooth pipe cases, but it should be noted that the same trends can be seen for the rough pipe data. To examine the inertial subrange in more detail, figure 3(a) shows the spectra plotted in Kolmogorov scaling at the pipe centreline over the entire Reynolds number range examined here. The dissipation rate was computed using an isotropic estimate
and the Kolmogorov length is given by η = (ν 3 / ) 1/4 . We see that the inertial subrange just begins to form at the lowest Reynolds number, R k xT η = 0.08. To examine the spatial extent of the inertial subrange, the Kolmogorovscaled spectra at several wall-normal distances at R + = 37 690 are shown in figure 3(b). Data closer to the wall are not shown due to errors in the computed dissipation rates introduced by spatial filtering. The k −5/3 x behaviour persists well into the turbulent wall region, and the dissipative region in the spectrum exhibits a universal behaviour for all wall distances shown. A value of K 0 = 0.51 for the Kolmogorov constant was found using a least-squares fit to the data of figure 3 in the inertial subrange. Now we consider the k
region. The data in the logarithmic region are shown in premultiplied form k x φ uu in figure 4, so that a k −1 x region should appear as a plateau. For the two lower Reynolds numbers shown in figure 4(a,b) , the low and high wavenumber regions collapse reasonably well using the outer and inner scalings, respectively. At R + = 1985, the lowest Reynolds number, we see no evidence for a k −1 x shoulder region. The two spectral peaks, thought to be associated with the LSMs and VLSMs (Kim & Adrian 1999) , both have a similar magnitude of A 1 ≈ 0.8, shown by the horizontal dashed line, which could be confused with a true k −1 x region. At R + = 3334, however, a narrow region of about a half decade in extent appears where the outer and inner scalings both collapse the spectra and a true k −1 x law holds with A 1 ≈ 0.8, which is consistent with the value reported by Nickels et al. (2005) . This value for A 1 is also in agreement with the measurements of Perry & Abell (1977) at a similar Reynolds number, and explains why a log law with A 1 = 0.8 fits their u With increasing Reynolds number, however, the overlap region and the plateau vanish. For the two higher Reynolds number cases shown in figure 4(c,d) , we see clearly that the low wavenumber region scales with R and the intermediate wavenumber region scales with y. In fact, at the largest Reynolds number the spectra collapse in y-scaling for the entire high wavenumber range, which demonstrates the small contribution to the energy content of the Kolmogorov-scaled viscous motions, that is, V(y + ) → 0. What is not evident, however, is the presence of an overlap region where R and y scalings both collapse the data. Morrison et al. (2004) , who also observed this 'incomplete similarity', argued that while inner variables (y and u τ ) may properly scale the spectrum over a range of wavenumbers, these wavenumbers 2. This prediction is tested at higher Reynolds numbers, shown by the dashed line in figure 4(c,d) , with reasonable agreement in the specified wavenumber range.
Perhaps the most intriguing result for this data set was shown by Hultmark et al. the spectral arguments of Perry et al. (1986) , appears to be missing. Furthermore, in that derivation the constant A 1 offers a connection between the forms of the streamwise energy spectrum and the turbulence intensity, as given by (1.2) and (1.4), because A 1 represents the level at which the k −1 x region has a plateau as well as the slope of the logarithmic term in u
2+
. Since the k −1 x law observed at R + = 3334 plateaus at approximately A 1 = 0.8, it therefore has no relation to the log law observed Turbulence spectra in pipe flow at extreme Reynolds numbers 55 in the turbulence intensity. In order to be consistent with the theory, the overlap and plateau in the spectrum would need to be significantly higher, which never becomes evident at higher Reynolds number. From these observations, it is doubtful that the log law in the streamwise Reynolds stress observed by Hultmark et al. (2012) can be explained using the k −1 x overlap argument advanced by Perry et al. (1986) . In this respect, Hultmark (2012) offers an alternative derivation of this log law that does not invoke such spectral arguments.
Convection velocity effects
We now consider how the true spatial spectra might compare to these pseudospatial spectra, which were inferred from time-resolved measurements. At a given distance from the wall, the smallest eddies are likely to convect at the local mean velocity, whereas larger structures that are centred farther from the wall are likely to convect faster than the local mean velocity. Taylor's hypothesis therefore aliases this large-scale energy to shorter wavelengths, which distorts the shape of the inferred spatial spectrum. Comparisons between direct numerical simulations and experiments demonstrate that the low wavenumber peak in the logarithmic layer is suppressed for the true spatial spectrum compared to the pseudo-spatial spectrum obtained from The convection velocity of an eddy depends strongly on its spanwise length scale, as convincingly demonstrated by delÁlamo & Jiménez (2009). Therefore, any attempt to correct pseudo-spatial streamwise spectra obtained from time-series measurements requires two-dimensional ω-k z information, where ω is the temporal streamwise angular frequency and k z is the spanwise wavenumber (azimuthal in the case of a pipe). Such data were not acquired in the current dataset and are fairly rare in the literature, particularly near the wall at high Reynolds number, with some notable exceptions being Monty et al. (2007) and . Here, we will present the ω-k z spectra of the streamwise velocity fluctuations measured in the Superpipe by . We will then apply the convection velocity correction suggested by delÁlamo & Jiménez (2009) to investigate how Taylor's hypothesis distorts the shape of the spectrum, particularly with respect to the long wavelength peak. Figure 5 shows the two-dimensional streamwise premultiplied spectrum, k xT k z Φ uu /u with the mean velocity profile. Since the complete mean velocity profile was not acquired in the experiments of , the mean velocity profile from the current dataset at approximately the same Reynolds number, Re D = 1.46 × 10 5 , was used instead. We see that structures with λ x < 2R convect at approximately the mean velocity. Long and narrow structures, λ x > 2R and λ z < 0.4, are also local to y and convect at the mean velocity. However, long and wide structures, λ x > 2R and λ z > 0.4, are 'global modes' that convect at approximately the bulk velocity (delÁlamo & Jiménez 2009).
Following delÁlamo & Jiménez (2009), the true streamwise wavenumber spectrum can then be computed as where the integral is taken along paths of constant k x , represented by the solid lines in figure 6(b) . The function J, which maps energy from the frequency to the spatial domain, is given by
and is computed from the convection velocity distribution using finite differencing. Figure 6 (b) shows contours of the mapping function J overlaid with the twodimensional spectrum, and we see that J acts to suppress the energy in the vicinity of the long-wavelength peak. This effect is seen more clearly in figure 7 where we compare the corrected one-dimensional streamwise wavelength spectrum with the spectrum uncorrected for Taylor's hypothesis. The long wavelength peak is attenuated for the true spectrum, and the excess energy is redistributed to longer wavelengths. At lower Reynolds numbers, R + = 2325, delÁlamo & Jiménez (2009) observe that the peak in question is stifled to the extent that it flattens, thereby resembling a k −1 x region. The higher Reynolds number data presented here, however, suggest that the long wavelength peak is a robust feature of the spectrum, although Taylor's approximation tends to exaggerate its magnitude.
Scaling of the spectral peaks
We are now ready to consider the scaling behaviour of these spectral peaks with respect to wall distance and Reynolds number. To obtain a consistent estimate of the wavenumber peak location and to reduce scatter in the data, a curve that is Gaussian in log(k x ) was used to fit the spectrum locally about each peak. The peak at lower wavenumber was identified as the VLSM peak, and the one at higher wavenumber was identified as the LSM peak, following Kim & Adrian (1999) . In the logarithmic region, the higher wavenumber peak was more difficult to identify and appears to be more of a narrow shoulder. Here, we fitted a cubic spline locally and identified the wavenumber that corresponds to a point of inflection. Figures 8 and 9 show the loci of the spectral peaks in inner and outer coordinates, respectively, over two decades of Reynolds number. The shaded region in figure 9 , obtained from the survey of Wu et al. (2012) , represents the approximate scatter of similar data (Guala et al. 2006; Balakumar & Adrian 2007; Hultmark et al. 2010; Wu et al. 2012) and overlaps well with the current dataset. Strikingly, the peaks appear to follow a distinct scaling in each wall-normal region, independent of Reynolds number.
We note a number of interesting features near the wall. The first is that for y + < 12, there is a single peak that scales with y, where k xT y ≈ 0.07 (λ xT /y ≈ 90). Then, close to the location of the near-wall energetic peak at y + ≈ 12, the low and high wavenumber loci bifurcate. In the region 12 < y + < 67, the higher wavenumber peak scales approximately with the viscous length, δ v = ν/u τ , for all Reynolds numbers, Turbulence spectra in pipe flow at extreme Reynolds numbers 59 with k + xT ≈ 0.006 or λ + xT ≈ 1000. In the turbulent wall region, the higher wavenumber peaks have a streamwise wavenumber of k xT y ≈ 0.4 (λ xT /y ≈ 16), and this scaling with wall-normal distance is consistent with the attached eddy hypothesis (Townsend 1976) and the hairpin packet paradigm of Perry & Chong (1982) and Adrian (2007) .
With respect to the larger coherent motions, it is somewhat unexpected that the low wavenumber peaks in this region scale with y rather than R, with k xT y ≈ 0.045 (λ xT /y ≈ 140), since this result is in contrast to the outer scaling behaviour observed for the boundary layer superstructures by . An important consideration is that the structures contributing to the low wavenumber peak might convect at a spatially uniform velocity rather than the local mean velocity, which is plausible for large wall-attached motions. Taylor's hypothesis would therefore alias the peak to higher and higher wavenumbers as the wall is approached, which could potentially explain the behaviour we observe. To test this conjecture, the grey points in figure 9 represent the low wavenumber locus assuming that the convection velocity is spatially uniform and equal to the bulk velocity. We see that the departure from the original locus is small and the peak wavenumber still appears to scale much better with y than with R in the logarithmic region.
Further from the wall, near the edge of the logarithmic layer, y/R ≈ 0.1, both motions saturate in streamwise extent and scale with R throughout the outer region. The LSMs in the outer region are about k xT R ≈ 2.6 (λ xT /R ≈ 2.2) in streamwise extent, and the VLSMs are about k xT R ≈ 0.45 (λ xT /R ≈ 14) long, which is consistent with the values reported by Kim & Adrian (1999) and Guala et al. (2006) . The duality in the scalings of the LSMs and VLSMs in the wall and wake regions strongly suggest that the two motions are closely related to each other. One possibility is the formation of VLSMs from pseudo-streamwise alignment of LSMs, as suggested by Kim & Adrian (1999) . In this case, our results would indicate an average of approximately 10 LSMs contained within each VLSM. Furthermore, the outward growth of the two motions from the near-wall energetic peak wavenumber suggests that the near-wall cycle might be associated with the formation of hairpin vortices, which subsequently grow into these larger-scale structures.
The wavenumber limits of the k −1 x region observed at R + = 3334 also agree well with the above observations regarding the streamwise length of the LSMs. The low wavenumber limit of the k −1 x region should correspond with the largest LSM in the logarithmic layer, about k xT R = 2.6, whereas the high wavenumber cutoff should correspond with the local LSMs, about k xT y = 0.4 (Nickels et al. 2007 ). This behaviour is supported by the data shown in figure 4 .
Contour maps of the streamwise energy distribution across the pipe are shown in figure 10 for six different Reynolds numbers. Also plotted are the low and high wavenumber peak trajectories summarized in figures 8 and 9. The near-wall energetic peak, associated with the near-wall cycle of streaks and quasi-streamwise vortices (Kline et al. 1967; Schoppa & Hussain 2002) , occurs at y + ≈ 12 and λ + xT ≈ 1000, independent of the Reynolds number. For the highest Reynolds number, the viscous length is sub-micron, and so this peak is closer to the wall than can be measured. Moreover, the intensity of the near-wall peak appears to decrease with Reynolds number, which is probably the result of spatial filtering, even though λ x > at the peak. This is because structures that are localized in space are broad in Fourier space. In other words, structures that get filtered because they are physically of size also contain spectral content in a range of scales about , which also gets filtered. With respect to the largest motions, the signature of the VLSMs down to the wall is evident in the contour plots because the long wavelength boundary scales with R for all wall distances, which is consistent with the notion that outer layer structures penetrate and interact with the near-wall cycle (Marusic et al. 2010) .
At a Reynolds number of R + = 3334, a peak in the logarithmic region, centred upon the low wavenumber locus and with a characteristic slope that scales with y, starts to form and it becomes increasingly energetic at higher Reynolds number. This peak is similar to what was observed by Mathis et al. (2009) in boundary layers, and since the magnitude of the peak increases with Reynolds number it helps to explain the outer peak in the variance profile at high Reynolds numbers observed by Morrison et al. (2004) and Hultmark et al. (2013) . The wall-normal location of the outer peak scales with neither outer nor inner coordinates. Mathis et al. (2009) found that in boundary layers, the wall-normal location of this peak y p follows y + p = 3.9R +1/2 , which is denoted by the black cross in figure 10 for the three highest Reynolds numbers. The outer peak in the pipe, however, appears to be closer to the wall than for boundary layers. Hultmark et al. (2013) found that the location of the peak in the streamwise turbulence intensity follows y + = 0.23Re +2/3 , and this point is marked on the contour plots by the white cross, which yields better agreement.
Conclusion
High-fidelity measurements of streamwise velocity spectra for smooth-and roughwall turbulent pipe flow demonstrate an extensive k −5/3 x region over a large range of Reynolds numbers and across a broad spatial extent. However, the k −1 x law continues to remain elusive. The data indicate that the energy contained in VLSMs continues to evolve with increasing Reynolds number, and this is the wavenumber region where we would expect to see k −1 x behaviour. This evolution of structure with Reynolds number is particularly interesting because the behaviour of the pipe flow statistics, at least the mean and variance, appear to be independent of Reynolds number as long as they are non-dimensionalized appropriately.
This study also confirms the importance of VLSMs in understanding high Reynolds number wall turbulence. Perhaps the most interesting observation is that they appear to scale with wall-normal distance in the logarithmic region, as opposed to the shear layer thickness, which hints at a possible inner-to-outer mechanism for these structures.
Finally, while only slight differences were observed between the corrected spatial spectrum and the spectrum uncorrected for Taylor's hypothesis at the edge of the logarithmic layer (see figure 7) , it should be noted that distorting effects will be more severe closer to the wall where there is a larger disparity between the local mean velocity and the bulk velocity. Therefore, further experiments closer to the wall as well as higher Reynolds number numerical simulations are needed to fully investigate this issue.
